Young-Si Jun, Jihee Park, Sun Uk Lee, Arne Thomas, Won Hi Hong, and Galen D. Stucky* Nanomaterials feature unique surface, optical, and electronic properties that are often superior to their bulk counterparts. These properties are often interpreted as surface effect and dimensional confinement, which forms the basis to design the nanoscale building blocks or devices for catalysis, electronics, or optics.
[1] As these properties are primarily determined by crystallinity, shape, and size of the material, great research efforts have been devoted to the synthesis of nanostructures with well-defined composition and morphology.
[2] To date, metals, metal oxides, metal chalcogenides, and organic materials based on molecules and macromolecules have been reported in the form of various nanostructures, ranging from zero-dimensional (0D) nanoparticles, through onedimensional (1D) nanowires and nanotubes to two-dimensional (2D) nanosheets. [3] Constructing macroscopic higher-order assemblies out of low-dimensional building blocks as analogues to biological systems is a promising but challenging task. [4] In general, the construction pathway involves 1) the formation of separate nanomaterials and 2) their subsequent integration induced by additional cross-linking agents or structure-directing templates. [5] Mild conditions are essential for creating organic materials owing to their comparable low thermal and mechanical stability. Among the various preparation methods of organic nanostructures, cooperative assembly is a versatile method that enables controlled organization of organic molecules into larger aggregates. Initially formed, welldefined nanostructures can be further organized into higherorder assemblies as amorphous or crystalline close-packed solids by non-covalent interactions, such as hydrogen bonding, p-p stacking, and van der Waals forces. [6] Tailored organic molecules provide a facile route to optimize the materials and develop new structures with complex hierarchy exhibiting properties that are intrinsically different from those of the bulk material or isolated nanomaterials. [7] Carbon nitrides are, in the ideal case, binary carbonnitrogen compounds forming a variety of structures from molecular compounds to solid state C/N phases. [8] For example, graphitic carbon nitride (g-C 3 N 4 ) consists of 2D Nbridged tri-s-triazine moieties stacked in a graphitic fashion. Polymeric precursors of this ideal g-C 3 N 4 have found interest as a metal-free photocatalyst. Polymeric carbon nitride (g-CN) show a bandgap of about 2.7 eV with optoelectronic properties that are sensitively affected by the degree of polymerization. [9] As a polymer, various organic and inorganic processing methods have been applied to modify the texture and photoelectric properties of this material. [10] There are, however, only a few examples of the assembly of even low-dimensional g-CNs into designed nanostructures, as they are difficult to prepare because of the high temperatures needed for their formation. To date, possible pathways are limited to exotemplating (0D and 1D) and thermal exfoliation (2D) strategies. [11] To the best of our knowledge, further integration of g-CN nanostructures into macroscopic higherorder assemblies has yet to be achieved.
Herein, we present a simple method to prepare 3D macroscopic assemblies of low-dimensional g-CNs, such as nanoparticles, nanotubes, and nanosheets. Very recently, supramolecular chemistry of triazine molecules enabled the synthesis of g-CN in the form of hollow spheres. [12] The 2D hexagonal assembly between melamine and cyanuric acid (CA) evolved into nanosheet-like structures during thermal polycondensation without losing its macroscopic morphology. CA or other triazines such as trithiocyanuric acid (TCA) are known to form hydrogen-bonded networks that give rise to preferential crystal structures depending on the donoracceptor pair and crystallization solvent. [13] Thus it can be expected that "crystal engineering" would allow facile tailoring of textural properties, polycondensation procedures, and interlayer interactions of g-CN. With this in mind we synthesized different hydrogen bonded networks using 1) various donor-acceptor pairs, for example, melaminecyanuric acid, and -trithiocyanuric acid; 2) different solvents such as dimethyl sulfoxide (DMSO) or H 2 O; and 3) different temperatures at which the networks are assembled.
Co-crystals of melamine and cyanuric acid (MCA) were spontaneously formed by mixing equimolar solutions in DMSO at 30 8C (MCA-DMSO-30). The isolated crystals have a hexagonal plate-like morphology with a thickness of about 40 nm, reflecting the molecular structure, and they are aggregated into 2-3 mm spherical particles (Figure 1 a) . The interaction between the plates is easily breakable by postheating the precipitates in DMSO at above 90 8C for 30 min (Supporting Information, Figure S1 ). The enhanced solvation at elevated temperatures also reduces hydrogen bonding strength, affecting the number of hydrogen bonds in the hexameric networks and thus the morphology of MCA-DMSO crystals.
To further investigate the temperature effect on the directional formation of the networks, MCA-DMSO was precipitated at temperatures between 60-150 8C (Figure 1 ci). The transition from hexagonal nanoplates to hexagonal nanorods in the crystal morphology was indeed observed with increasing precipitation temperature. Furthermore, the size of the aggregates was gradually increased from 2 to 10 mm owing to the enhanced solubility. Close-packed arrays of hexagonal nanorods with a thickness of 200 nm were observed in the spherical particles of MCA-DMSO-150 (Supporting Information, Figure S2 ). The complete aggregation of the remaining hexagonal nanorods into spherical particles requires prolonged precipitation for 30 min at 150 8C ( Figure 1 i; Supporting Information, Figure S3 ). This also induces further growth of hexagonal nanorods and the formation of sea urchin-like structures with solid cores. X-ray diffraction (XRD) patterns and FTIR spectra reveal the same molecular packing and hydrogen bonding interactions of crystal structure for all as-synthesized MCA-DMSO samples (Supporting Information, Figure S4 , S5).
MCA-DMSO becomes tri-s-triazine-based g-CN by heating at 550 8C under nitrogen. [12] FTIR spectra of MCA-DMSO-550 samples show the peaks centered at 1800-1100 and 800 cm À1 , proving the presence of CN heterocyclic ring structures [14] (Supporting Information, Figure S6 ). XRD patterns of MCA-DMSO-550 samples feature two distinctive peaks indicative of 2D N-bridged tri-s-triazine polymer stacked in a graphitic fashion (Supporting Information, Figure S7 ). The (002) diffraction peak of MCA-DMSO-550 samples at around 27.78 becomes broader and weaker and shifts to slightly lower scattering angles with increasing precipitation temperature. This can be explained by the formation of CN nanotubes with thin wall thickness along with volumetric shrinkage parallel to the direction of the graphitic stacking. In particular, the wall of the nanotube becomes thinner along the lateral direction, that is, the smaller 2D sheet g-CN, and corrugated along the longitudinal direction, namely, the less-perfect interlayer packing motif. This is further evidenced by SEM analysis (Figure 1 b-j) .
Hexagonal plates of MCA-DMSO-30 develop the sheetlike structures. Nanoparticles and nanotubes are formed from the rectangular (MCA-DMSO-60) and hexagonal rod-like (MCA-DMSO-90-150) crystals, respectively. It is notable that polycondensation of the aggregates generates the hollow structures without collapsing the 3D organization. Saturated triazine solutions in DMSO lead to the sudden formation of large crystals with defects. A higher defect density at the center of crystals probably induces a higher local sublimation rate of triazine molecules, which would form the hollow structures during polycondensation. [15] A further volume shrinkage in the crystals results from the accompanied mass loss during polycondensation (for example, removal of NH 3 ) and formation of more condensed structures (Supporting Information, Figure S8) . [16] The textural properties of MCA-DMSO-550 samples are summarized in the Supporting Information, Table S1 .
So far, it has been shown that temperature control is a convenient way to yield spherical assemblies of g-CN 1D and 2D nanostructures. However, DMSO (MP = 19 8C) as a solvent only allows for a narrow window for temperature control at lower temperature ranges and thus limits the formation of samples with large hexagonal surfaces. CA (or TCA) is known to form 2D sheet structures of its own (especially in water) or in combination with the solvent molecules, which also correlates with the molecular structures of their co-crystals with other monomers in the same solvents. [13, 17] This prompted us to examine the crystal structures of MCA and MTCA in the aprotic DMSO and the protic solvent H 2 O.
Precipitation of MCA in H 2 O at 308C (MCA-H 2 O-30) only yields bundles of thin microfibers with poor crystallinity which lose the preformed morphology during polycondensation (Supporting Information, Figure S9 ). To investigate the competitive effect of H 2 O on the crystal structure, we precipitate MCA (3.96 mmol) from a good solvent DMSO (420 mmol) in the presence of the poor solvent H 2 O. MCA-DMSO-30 indeed undergoes a morphology change at H 2 O concentration higher than 7.92 mmol and is mostly transformed into hexagonal nanorods with a thickness of 200 nm and a length of 1 mm at H 2 O concentrations higher than 420 mmol. This indicates that the water molecules guide the growth of MCA precipitates in the longitudinal direction by competing for the hydrogen bonding. We therefore employed hydrothermal conditions to increase the solubility of MCA in H 2 O. A MCA-H 2 O-30 dispersion was first prepared as a precursor and then transferred into an autoclave for hydrothermal treatment at 180 8C for 4 h. The thin microfibers of MCA-H 2 O-30 were indeed completely transformed into hexagonal microfibers with a thickness of 1 mm and a length of up to 10 mm (Figure 2 a) . The XRD pattern of MCA-H 2 O-180 coincides well with that of the single crystalline material bearing the in-plane 2D hexagonal pattern and graphitic stacking (JCPDS no. 00-005-0127; Supporting Information, Figure S10 ). Both MCA-DMSO and MCA-H 2 O have the same crystal structure, for which the directional preference on the growth significantly depends on the crystallization solvent. Figure 2 b shows a SEM image of MCA-H 2 O-180 heated to 550 8C for 4 h. The preformed morphology was wellmaintained during the polycondensation without volumetric shrinkage. A certain degree of hydrogen bonding (or more precisely the large 2D sheet formation) rather than p-p interactions is crucial to avoid the structure collapse because 1) the covalent connection via trigon nitrogen formed between melem or melon motifs endows the g-CNs with high thermal stability up to 600 8C and 2) the covalent connection is only formed between the molecular motifs placed on the same 2D sheets. Interestingly, inside the hexagonal hollow microfibers there remained layered sheetlike structures about 15 nm in thickness supported by the outer surface of the hollow microfiber to maintain the vertical alignment.
The effect of the precursor monomers on the directional formation of triazine networks was investigated by using TCA instead of CA as co-monomer. Precipitation from the equimolar solutions induces the formation of rectangular microfibers with large 2D sheet area irrespective of the crystallization solvent (Supporting Information, Figure S11 ). MTCA-DMSO/H 2 O-30 and MTCA-H 2 O-100 crystals have a length of 6-8 mm and a width of about 1 mm, which further extends to a length of 60 mm and a width of 10 mm in MTCA-DMSO-30. High-resolution SEM images reveal the layered packing of the desired 2D sheet-like structures in MTCA crystals. Packing analysis using the single-crystalline MTCA-DMSO-30 shows that melamine and TCA are held together by multiple hydrogen bonds, p-p interactions, and also electrostatic interactions (see the section on single-crystal analysis in the Supporting Information for details).
The desired 2D sheet-like structures of g-CN with a large graphene area were successfully obtained by heating MTCA crystals to 550 8C (Supporting Information, Figure S12 ).
MTCA-DMSO-30 yields a thick plate-like material still preserving the crystal morphology during polycondensation. For MTCA-DMSO/H 2 O-30 and MTCA-H 2 O-100 crystals, the inner part undergoes fast sublimation similar to MCA, resulting in the formation of hollow microtubes consisting of layered and flat sheets. The hollow structure is already formed at around 450 8C ( Supporting Information, Figure S13) . Thin 2D microsheets of g-CN aligned to the direction of p-p interaction were clearly observed in TEM image of MTCA-DMSO/H 2 O-30-550 (Figure 3) . The structural shrinkage leads to the formation of macropores of 80-100 nm within the individual sheets. It can be expected that this porosity enhances the accessibility of catalytic sites inside the layered microsheets. The copolymerization of melamine with TCA yields an identical chemical and graphitic structure as observed for MCA-550 as is evidenced by FTIR and XRD analysis (Supporting Information, Figure S14, 15) . Note that the pre-organized organic microcrystal (tens of micrometers in size) formed between melamine and TCA by the strong molecular interactions improves the chemical structure and probably the thermal stability of the resulting g-CN (Supporting Information, Figure S16 ). This is supported by the thermogravimetric analysis (TGA) in that about 30 wt % of the initial mass of MTCA-DMSO/H 2 O-30 remains on heating to 300 8C, while less than 0.04 wt % for melamine and 20 wt % for TCA are left at the same temperature. Elemental analysis shows that the condensed material contains negligible amount of sulfur (< 0.8 wt %) above 450 8C, which is supported by XPS result showing no peaks at around 164 eV (Supporting Information, Figure S17 ).
UV/Vis diffuse reflectance spectra of MCA and MTCA crystals heated at 550 8C resemble the typical semiconductor absorption (Supporting Information, Figure S18 ). The absorption edges were slightly blue-shifted compared to that of Melamine-550, which is probably due to the formation of low-dimensional g-CN materials. Multiple reflections or transmission of light through the assembled structure remarkably enhance the optical absorption from 350 to 700 nm compared to Melamine-550. [18] The enhancement was less pronounced in MTCA-550 samples owing to large particle size, which can be simply modified by increasing the condensation temperature ( Supporting Information, Figure S18 b,c) . Further condensation of MTCA-DMSO/H 2 O-30 above 600 8C yields a blue-shift of the absorption edge by 
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Chemie 0.31 eV. This could be a hypsochromic shift that results from H-aggregates formation, as seen by a shift of the (002) peak to higher scattering angles in XRD analysis (Supporting Information, Figure S16 ). The optical bandgap values are listed in the Supporting Information, Table S1 with texture properties.
The efficient separation and migration of photoexcited carriers from the bulk to the surface catalytic sites was observed by time-resolved fluorescence spectroscopy and photocurrent measurement. We examined MTCA-DMSO/ H 2 O-30-600 with a large graphene area and a particle size that probably has higher charge recombination and electronic resistance than other g-CNs. Supporting Information, Figure S19 shows the decay spectra monitored at 520 nm. The lifetimes calculated by the triple-exponential decay model were increased at least twice compared to those of Melamine-550 (Supporting Information, Table S2 ). This shows significant suppression of charge recombination due to the formation of a highly condensed g-CN structure and the associated enhanced electronic conductivity. The photocurrent under visible light irradiation (> 420 nm) was indeed greatly enhanced by 10 times compared to Melamine-550 (Supporting Information, Figure S20 ). It is also comparable to or even better than that of MCA-DMSO-30-550 possessing similar but smaller sheet-like structure. The 2D thin microsheets clearly facilitate the electronic transfer of charge carriers.
The photocatalytic activity of g-CNs synthesized from MCA and MTCA crystals was examined in the hydrogen evolution reaction from water using 3 wt % Pt as a co-catalyst and 10 vol % triethanolamine as an electron donor under visible light irradiation (l > 420 nm). Melamine-550 has a hydrogen evolution rate (HER) of 30 mmol h À1 , corresponding to quantum efficiency (QE) of 0.26 % (Figure 4 a) . MCA and MTCA samples showed a significant enhancement in HER by a factor of 4-9 (QE of ca. 2.3 %) over Melamine-550. These samples heated at higher temperature usually exhibit higher HER due to the high surface area and enhanced light absorption. The HER of MCA and MTCA samples is stable or rather increases with time (Figure 4 b) , for which no deassembly of the nanostructure was observed after the reaction. The highly condensed structure provides g-CNs with better mechanical and chemical stability for the catalytic reactions. Indeed, no degradation of the catalytic activity was observed even after protonation in highly concentrated HCl (37 wt %). Rather, HER of the protonated sample showed further enhancement by 25 % over the pristine sample. Figure 4 c shows the wavelength dependence of the HER. The active wavelength of MCA and MTCA samples was as high as 600 nm. HER traces over the visible range of light match well with the UV/Vis spectra. This proves that the hydrogen evolution reaction was driven by the photoexcited electron/hole pairs generated in MCA and MTCA structures. No hydrogen was detected without the photocatalyst and light irradiation.
In summary, 3D macroscopic assemblies of low-dimensional g-CNs were successfully synthesized by simple organic cooperative synthesis. The structure of the hydrogen-bonded molecular assembly between triazine molecules (and thus the resulting g-CNs) was tailored to exhibit preferential growth by controlling the precipitation temperature, crystallization solvent, and hydrogen bonding donor-acceptor pair. The resulting self-supporting, 3D macroscopic material enabled us to characterize the cooperative properties and photocatalytic activities of low-dimensional g-CN materials. The present method should allow the design and synthesis of various g-CN-based structures and nanocomposites with specified dimension and chemical functionality. The above method may find strength in further functionalization by co-monomer control, [19] hybridization with graphene, [20] and device fabrication of g-CN.
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